INTRODUCTION
Since the introduction of highly pathogenic H5N1 influenza viruses in 1997, H5N1 has become endemic in the southern People's Republic of China and has spread to over 60 countries in Europe, Asia and Africa. H5N1 outbreaks have resulted in the loss of millions of poultry and in sporadic transmission to humans Wang et al., 2008) , and have raised concerns about its pandemic potential (Chen et al., 2004; Guan et al., 2004; Peiris et al., 2007) . H5N1 viruses have evolved locally from this unprecedented spread, resulting in genetically and antigenically divergent H5N1 sublineages (Chen et al., 2004 ) that typically originate from one isolate emerging via antigenic drift or reassortment (Guan et al., 1999; Li et al., 2004) within a specific region. Evolution of the H5 haemagglutinin (HA) glycoprotein has altered the antigenic properties of H5N1 viruses and produced antigenically distinct strains among genetically similar strains Horimoto et al., 2004) , which are identified by ten different clade designations .
Monitoring the changes that influence the sensitivity of H5N1 strains to antiviral drugs is crucial for the control of emerging strains. Because several human and avian isolates are resistant to adamantanes He et al., 2008) , the neuraminidase (NA) inhibitor oseltamivir is currently the main antiviral agent used to manage H5N1 infection in humans. Oseltamivir-resistant H5N1 influenza viruses can emerge under selective drug pressure in vivo (de Jong et al., 2005; Le et al., 2005) . H5N1 variants with NA mutations that decrease the sensitivity to oseltamivir have been isolated in the absence of drug pressure (Rameix-Welti et al., 2006) . The recent emergence and global distribution of oseltamivir-resistant H1N1 influenza viruses (Meijer et al., 2009 ) raise concerns that a pandemic oseltamivir-resistant H5N1 influenza virus may emerge in nature.
Retrospective genetic analyses indicate that reassortment is a major factor driving the evolution of currently circulating H5N1 influenza strains. The highly pathogenic H5N1 virus transmitted to humans in Hong Kong in 1997 originated via reassortment of the HA gene segment from A/goose/ Guangdong/1/96 (H5N1) (Xu et al., 1999) and internal segments from H6N1 (Hoffmann et al., 2000) or H9N2 (Guan et al., 1999) influenza viruses. That virus was eradicated by slaughtering all poultry in Hong Kong; however, new H5N1 genotypes that emerged in 2000 and 2001 had acquired internal genes from one or more unknown avian influenza viruses of waterfowl (Guan et al., 2002a (Guan et al., , b, 2004 . Forty-four genotypes recognized in Hong Kong and mainland China have emerged by reassortment of circulating H5N1 viruses with avian viruses from other aquatic birds (Guan et al., 2002b; Li et al., 2004) . These reassortments generated the Z genotype, which emerged in 2002 and was dominant in most regions of Asia until 2005 and has been replaced by the V genotype in Southeast Asia . Reassortment among H5N1 influenza viruses has been reported recently in Vietnam (Wan et al., 2008) and Nigeria (Owoade et al., 2008) , but reassortment between H5N1 influenza viruses and other avian influenza subtypes has not been identified outside the People's Republic of China .
Despite extensive surveillance programmes worldwide, short-term regional evolution of H5N1 viruses within domestic bird populations is not well understood. In this study, we showed that, within a genetically similar population of H5N1 influenza viruses in Lao People's Democratic Republic (PDR), different phenotypes have emerged with reduced susceptibility to adamantanes and NA inhibitors (NAIs) and altered receptor affinities for a2,3-linked sialic acid. We also identified two novel reassortant H5N1 viruses whose PB1 and PB2 genes are derived from viruses unrelated to avian influenza viruses isolated in Lao PDR during 2006 Our results suggest that H5N1 viruses may also evolve by mutations and reassortments in other countries where H5N1 is endemic and contribute to the emergence of a pandemic influenza strain. . Analysis of PB1 and PB2 gene segments revealed a new H5N1 genotype not previously described. We identified two H5N1 reassortant viruses, A/ck/Laos/P0130/07 and A/ dk/Laos/P0161/07, isolated from different geographical regions of Lao PDR. Each virus possessed both the PB1 and PB2 genes unrelated to other avian influenza viruses isolated in Lao PDR between 2006 and 2008. Neither gene has been identified previously in other H5N1 isolates and they clustered with other PB1 and PB2 genes from Eurasian aquatic isolates. The isolate A/mute swan/Hungary/5973/07 (H7N7) had the closest nucleotide similarity (97 %) to PB1 (Fig. 3 ) of the two Lao isolates, and A/duck/Hokkaido/120/ 01 (H6N2) had the closest nucleotide similarity (97 %) to PB2 (Fig. 3) of the Lao isolates. PB1 and PB2 were the only two of eight genes that underwent reassortment (Figs 2 and 3) generating the novel genotype P.
RESULTS

Phylogenetic and antigenic analysis
H5N1 isolates with reduced sensitivity to adamantanes and NAIs
Adamantane-resistant H5N1 strains are widespread throughout Asia, and the S31N mutation in the M2 protein is most prevalent in these strains (Hill et al., 2009) , predominantly found in clade 1 viruses . We identified six H5N1 isolates (one isolated in 2007 and five in 2008) with the S31N mutation, which has not been reported previously in clade 2.3.4 viruses. Of the six isolates, three had reduced sensitivity to oseltamivir and zanamivir in an NA enzyme inhibition assay (Table 2 ). Each isolate with reduced sensitivity to oseltamivir had different mutations in NA: one had an NA mutation at position 116 (V116A), one had three mutations at positions 222, 150 and 246 (I222L, K150N and S246N) and one had a mutation at position 246 (S246N). The NA mutation V116A reduced sensitivity to both oseltamivir (18-fold) and zanamivir (10-fold). The NA mutation I222L, a framework residue that is highly conserved among all influenza A and B viruses (Colman et al., 1993) , contributed to the 77-fold reduction in susceptibility to oseltamivir of isolate A/chicken/Laos/P0020/07. It is not known whether the NA mutation K150N located in the 150 loop (residues 147-152) of the N1 NA alters sensitivity by changing the conformation of the 150 loop. A unique, previously unreported mutation, S246N, identified in two isolates, reduced the sensitivity of isolate A/chicken/Laos/13/ 08 to oseltamivir by 24-fold as a single mutation. The residue at position 246 is reported to mediate hydrogen-bonded ligand contacts with sialic acids (Landon et al., 2008) .
Receptor specificity
The HA1 glycoprotein had four different mutations in Lao H5N1 isolates: the K189R mutation in A/chicken/Laos/ P0050/07 and A/chicken/Laos/P0130/07, the S129L mutation in A/chicken/Laos/16/08, and N154K and H179R mutations in A/chicken/Laos/17/08. To determine whether these mutations altered receptor binding, we measured the affinity of H5N1 isolates for sialic acid-a2,3-galactose (SAa2,3Gal) or acid-a2,6-galactose (SAa2,6Gal) (Auewarakul et al., 2007). Although the receptor specificity to 
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SAa2,6Gal did not change, the affinity for SAa2,3Gal in four isolates was different from that of other Lao isolates from 2007 (Fig. 4a) and 2008 (Fig. 4d ). Residue 189 is located in the 190 helix of the receptor-binding domain (RBD), and the presence of an arginine at position 189 is characteristic of isolates from clades 2.1 and 2.2 but uncommon in those from clade 2.3.4, which predominantly have a lysine at this position (Stevens et al., 2008) . The K189R HA mutation in A/chicken/Laos/P0050/07 and A/chicken/Laos/P0130/07 increased the binding affinity for SAa2,3Gal ( Fig. 4b and c) compared with A/chicken/Laos/ P0161/07 possessing 189K (Fig. 4a) . Interestingly, this mutation was observed in A/chicken/Laos/P0130/07, which was also identified as a reassortant virus. All Lao H5N1 isolates had a serine at position 129 except for A/chicken/ Laos/16/08 (S129L), which showed increased affinity for SAa2,3Gal (Fig. 4e) . The S129L mutation alters the binding affinity for a2,3-linked sialic acids because serine interacts with a2,3-linked sialic acids (Ha et al., 2001) . The increased affinity we observed suggests that the impact of L129 on HA binding needs further study. Mutations N154K and H179R in isolate A/chicken/Laos/17/08 reduced its binding affinity for SAa2,3Gal (Fig. 4f) .
Pathogenicity of Lao PDR H5N1 influenza viruses
The pathogenicity of Lao H5N1 viruses was high in chickens but variable in mice. All Lao viruses possess a multibasic cleavage site in the HA that contributes to pathogenicity in chickens (Horimoto & Kawaoka, 1994) . In addition, the Lao H5N1 influenza viruses had the deletion of five residues (aa 80-84) in the NS1 protein that may enhance cytokine expression by macrophages (Seo et al., 2002) , and a glutamic acid residue at position 92 in NS1 associated with increased virulence in mammals . No Lao isolate had an E627K or D701N substitution in PB2, which would account for the high pathogenicity of certain isolates in mice (Hatta et al., 2001; Li et al., 2005) . All Lao H5N1 viruses replicated to equally high titres in eggs and Madin-Darby canine kidney (MDCK) cells (Table 3) Compared with other Lao H5N1 isolates, the pathogenicity of the reassortant viruses A/chicken/Laos/P0130/07 and A/ duck/Laos/P0161/07 was maintained in chickens but attenuated in mice (Table 3) .
DISCUSSION
The Phylogenetic relationships of the genes NA and M. Lao H5N1 isolates are highlighted in blue and the H3N8 isolate in green. H5N1 viruses with mutations conferring reduced sensitivity to antivirals are in red. Nucleotide sequences were analysed using the Bayesian approach. Clade credibilities (presented on the trees) were calculated using the parameters described in Methods. The phylogenetic trees were rooted to the A/swine/Henan/wy/04 (H5N1) virus. bhg, Bar-headed goose; ck, chicken; dk, duck; gs, goose; sck, silky chicken; mdk, Muscovy duck; tky, turkey; ts, tree swallow. Bars, 0.1 nucleotide substitution per site.
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On: Tue, 18 Dec 2018 08:55:14 Fig. 3 . Phylogenetic relationships of the genes of the polymerase complex (PB1, PB2 and PA) and NP. Lao H5N1 isolates are highlighted in blue and the H3N8 isolate in green. Nucleotide sequences were analysed using the Bayesian approach. Clade credibilities (presented on the trees) were calculated using the parameters described in Methods. The phylogenetic trees were rooted to the PB1 and PB2 genes of A/swine/Henan/wy/04 (H5N1). bhg, Bar-headed goose; ck, chicken; ct, common teal; dk, duck; gs, goose; sck, silky chicken; mdk, Muscovy duck; ms, mute swan; tky, turkey; ts, tree swallow. Bars, 0.1 nucleotide substitution per site. Adaptation of H5N1 avian influenza viruses in humans likely requires a switch in receptor-binding specificity of the viral HA glycoprotein from avian a2,3-linked sialic acids to human a2,6-linked sialic acids, but the mutations (or their combination) in the H5N1 HA glycoprotein causing this change are unknown. We did not observe a preference for SAa2,6Gal with 189R; however, an arginine at position 189 is reported to influence adaptation of avian H5N1 influenza viruses to human receptors when Q222L and G224S HA substitutions occur (Q226L and G228S, H3 numbering) (Stevens et al., 2008) . The loss of glycosylation at position 154, which is near the RBD and more common in isolates from clade 2.2, is reported to increase the affinity of H5 viruses for a2,6 residues (Stevens et al., 2008) . In the Lao H5N1 isolate A/chicken/Laos/17/08, the loss of glycosylation at position 154 reduced the receptor affinity for SAa2,3Gal and there was no switch to SAa2,6Gal. The additional HA mutation H179R may cause the reduced affinity for SAa2,3Gal. The H179 residue is conserved among influenza viruses and interacts with sialic acid residues and stabilizes the receptor-binding pocket (Iwata et al., 2008) . The effect of the 179R mutation on affinity and specificity requires further investigation. Most importantly, we did not observe a switch to a2,6 linkages in individual HA mutations. Although previous studies have utilized this assay to characterize receptor binding (Auewarakul et al., 2007; Yamada et al., 2006) , it utilizes only two glycans. Due to the multiple interactions of the HA molecules on the virus particle, a glycan array is necessary to further characterize receptor specificity and affinity and may give alternative binding patterns.
The pathogenicity of the studied viruses was high in chickens but heterogeneous in mice. The pattern of pathogenicity we observed in chickens correlates generally with known molecular determinants of H5N1 influenza virus pathogenicity (Horimoto & Kawaoka, 1994) . No single mutation previously reported to increase pathogenicity of certain isolates in mice was found in Lao H5N1 viruses. Clade 2.3.4 viruses isolated in Lao PDR have amino acid substitutions in PB2 associated with mouse adaptation (Li et al., 2009 ) that may account for increased pathogenicity in mice. The attenuation of A/chicken/Laos/33/08 and A/chicken/Laos/37/08 in eggs and MDCK cells remains unclear, as these isolates retained pathogenicity in chickens and were pathogenic in mice. Interestingly, the PB1 and PB2 reassortant Lao H5N1 viruses replicated efficiently in eggs and MDCK cells and were highly pathogenic in chickens; however, they were not pathogenic in mice. Isolate A/Laos/P0050/07 clustered with the two reassortants for all genes except for the PB1 and PB2 genes and was highly pathogenic in mice. The reduced pathogenicity in mice with reassortant Lao H5N1 viruses supports previous reports that polymerase genes contribute to H5N1 virus pathogenicity in mice.
The highly pathogenic H5N1 avian influenza viruses have continued to circulate in epicentres in Eurasia for over a decade, resulting in the evolution of multiple clades and subclades. Because the transmission of H5N1 among humans is inefficient and limited, the public is becoming complacent about the pandemic potential of H5N1 viruses and their capacity to achieve human transmissibility. However, our study of H5N1 viruses in Lao PDR indicates that this notion is premature. Historically, it is not known how long it took for the Spanish, Asian and Hong Kong pandemics to acquire human transmissibility. Our results support the existence of a diverse population of H5N1 influenza viruses in Lao PDR -which might be true for all countries where H5N1 is endemic -that may mutate and reassort to cause a human pandemic. Growth of viruses. The 50 % egg infectious dose (EID 50 ) titre was determined in duplicate by injecting 100 ml of 10-fold dilutions of virus into the allantoic cavities of 10-day-old eggs. Eggs were incubated at 37 uC for 48 h and HA activity was assayed. The 50 % tissue culture infective dose (TCID 50 ) was determined by infecting MDCK cells with 10-fold dilutions of wild-type viruses, incubating at 37 uC for 1 h, and washing and overlaying cells with infection medium (minimal essential medium with 0.3 % BSA). HA activity was measured using 0.5 % packed chicken red blood cells after incubating the cells at 37 uC for 3 days. EID 50 and TCID 50 values were calculated by the method of Reed & Muench (1938) .
Antisera and serological assay. Viruses were analysed antigenically by HI testing against a panel of ferret antisera. Sera were treated with a receptor-destroying enzyme, heat-inactivated at 56 uC for 30 min and tested using an HI assay with 0.5 % packed chicken red blood cells.
Sequence analysis. Viral RNA was isolated from allantoic fluid using an RNeasy kit (Qiagen). Gene segments were amplified by RT-PCR using a universal primer set for influenza A viruses (Hoffmann et al., 2001) . Viral cDNA and template cDNA were sequenced by the Hartwell Center for Biotechnology at St Jude Children's Research Hospital. DNA sequences were analysed by the Lasergene sequence analysis software package (DNASTAR).
Phylogenetic analyses. Phylogenetic analyses were based on all eight full-length gene segments encoding viral surface antigens, except for the HA (nt 49-1020). Sequences were aligned using the CLUSTAL W algorithm in MEGALIGN version 7.2.1 (DNASTAR). All trees were subjected to the GTR+I+G model of evolution, as selected by MrModeltest 2.2 (Nylander, 2004) , and constructed using MrBayes version 3.1.2 with the following parameters: 10 6 generations, four simultaneous Monte Carlo chains and exclusion of the first 1000 trees (Huelsenbeck & Ronquist, 2001 ). All trees were rooted using segments from A/swine/Henan/wy/04 (H5N1).
NA enzyme inhibition assay. NA activity was determined by a modified fluorescence-based NA enzyme inhibition assay (Gubareva et al., 2002) . Briefly, IC 50 (concentration of NAI that reduced NA activity by 50 %) was determined by assaying the NA activity of a standard amount of virus in the presence of NAIs (0.00005-10 mM). Substrate 29-(4-methylumbelliferyl)-D-N-acetylneuraminic acid (Sigma-Aldrich) was added at a final concentration of 100 mM after incubation, the reaction was terminated after 1 h at 37 uC and the fluorescence of the released 4-methylumbelliferone was measured in a Fluoroskan II spectrophotometer (Labsystems) using excitation and emission wavelengths of 355 and 460 nm, respectively. The NAI oseltamivir carboxylate (oseltamivir) [(3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic acid] was obtained from F. Hoffmann-La Roche, and the NAI zanamivir (4-guanidino-Neu5Ac2en) was from GlaxoSmithKline. Compounds were dissolved in distilled water and aliquots were stored at -20 uC until use.
Receptor specificity assay. Receptor specificity was analysed using a solid-phase direct binding assay, as described previously (Auewarakul et al., 2007) , using a sialyl glycopolymer containing N-acetylneuraminic acid linked to galactose through either an a2,3 or an a2,6 bond (Neu5Aca2, 3LacNAcb-pAP and Neu5Aca2,6LacNAcb-pAP; kindly provided by Dr Yasuo Suzuki). The plate was blocked for 12 h at 4 uC with PBS containing 2 % skimmed milk powder, and virus culture supernatant containing 128 HA units was allowed to attach to the plate by overnight incubation on ice. Virus was detected using monoclonal antibodies VN04-9 and VN04-10 to the HA of A/ Vietnam/1203/04 (H5N1) virus and HK03-3 to the HA of A/HK/213/ 03 (H5N1) virus, which were prepared by a modification of the method described by Kohler & Milstein (1976) and have been mapped on the three-dimensional HA structures (Kaverin et al., 2007) , at a dilution of 1 : 2000. Horseradish peroxidase-conjugated polyclonal rabbit anti-mouse immunoglobulin (Sigma-Aldrich) was used as the secondary antibody and developed with pre-mixed tetramethylbenzidine substrate (Sigma-Aldrich), and the absorbance was read at 450 nm.
Pathogenicity tests in chickens. The intravenous virus pathogenicity index (IVPI) was determined by intravenous injections of infective allantoic fluid diluted 1 : 10 in sterile PBS (0.1 ml) into each of ten 6-week-old, specific-pathogen-free chickens (Charles River Laboratories). Chickens were examined for clinical signs of disease once a day for 10 days.
Pathogenicity tests in mice. The 50 % mouse lethal dose (MLD 50 ) of nine influenza H5N1 virus isolates and the H3N8 influenza isolate was determined in 6-week-old female BALB/c mice (Jackson Laboratories). Groups of five mice were anaesthetized with isoflurane and inoculated intranasally with 50 ml 10-fold serial dilutions of allantoic fluid in PBS. Mice were weighed and observed for mortality daily for 15 days. MLD 50 values were calculated by the method of Reed & Muench (1938) . All studies were conducted under the applicable laws and guidelines and after approval from the St Jude Animal Care and Use Committee.
